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Abstract

Analysis of the sensor positions within the CMS Forward PDetector (FPD) is presented. Optical
survey of the FPD panels and disks shows displacements fooninal geometry of order100um.
Developed tools of 3D sensor position analysis allow us teaekthe error matrix of the panel survey
measurements which giving us precision of abe@t5um in sensor plane and2um out of plane.
The errors are larger for bigger structures as preliminasylts of the full FPD survey indicate. We
suggest to integrate these survey analysis results infartioedure of software alignment with tracks.
The detailedy? method is proposed and tested.
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1 Introduction

The all-silicon design of the CMS tracker is well suited fagthresolution measurements of tracks of particles. It
also poses challenges in the calibration of the positionl tth@ sensors after the hardware assembly is completed.
Understanding the alignment of thousands of silicon senisanecessary to a micron precision and becomes the
decisive factor in success of the program.

Given the inaccessibility of the interaction region, it mspossible to measure the detector positions using con-
ventional survey techniques once the detector has beall@ust The only accurate way to determine the silicon
detector positions is to use the data generated by thersitletectors when they are traversed in-situ by charged
particles. However, the so-called software alignment wifbrmation from tracks is complex and has difficulty
in constraining all the spatial degrees of freedom withegith limited number of tracks (in the initial stages of
experiment) or with poor connection between different pgeof the detector with charged-particle tracks. In the
initial stages of the experiment the convergence of thevswoét alignment with tracks could be improved if prior
optical survey measurements are used for the initial tracknistruction. However, this optical survey information
will be lost in subsequent track reconstruction if surveyasweements are used only as initial values for alignment
parameters.

In this note we study precision of sensor placement usingypi@of the CMS Forward Pixel Detector (FPD) and
its survey at Fermilab, analyze survey data to reconsthgirtitial alignment of the detector components, like
sensors, panels, half disks and half cylinders. We propmsmplement the new procedure of including optical
survey information as a constrain in the software detedtgnaent with tracks. The latter procedure provides
orthogonal information to the software alignment with kmand makes the procedure systematically more stable
and robust.

2 Optical Survey of Forward Pixel Panels

For initial tests, we use optical survey measurements optwintype panels (A01 and A02) completed at Fermilab
between January and May 2006. Positions of four fiducialtsditj and four sensor corners have been measured
for each sensor on a panel (three sensors correspdhd t& 2 x 4, and2 x 5 plaquettes). Fig. 1 illustrates the
panel and fiducial points used. Other features on the pawel Ib@en surveyed as well, but are not used in this
study because of poor precision of their position with respe the sensors. We also find that sensor corners do
not provide precise reference system and for sensor aliginweuse only fiducial point measurements.
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Figure 1:Left: first forward pixel panel (three-sensor configurajjaight: drawing of fiducial points on a panel.



Afterwards, we use optical survey measurements [2] of tisé 58 production panels recently completed at Fer-
milab. In addition, we also use optical survey measuremarftsur mechanical panels whose results we need for
the half disk survey mentioned later (A02, AO1L, XA01, X000Z he prefix P3R refers to a three-sensor panel
(corresponding t@ x 3, 2 x 4, and2 x 5 plaquettes) with right-handed orientation. The prefix Péfens to

a four-sensor panel (correspondingltx 2, 2 x 3, 2 x 4, and1 x 5 plaquettes) with right-handed orientation.
Positions of eight fiducial points have been measured fdn sansor on each assembled panel [3]. [3] also gives
the coordinate system in which the sensor displacementzresented.

Initially, we use a stand-alone application based on Rotat-daalysis framework [4] to perform our analysis, but
later move to an application integrated into CMSSW. The athge of implementation in CMSSW is that we are
able to use the ideal geometry database within the softwhiehwwill help with surveys of higher level detector

components with more complicated nominal geometries. Asxample, the next section deals with initial optical
survey of the half disk. Results of the two applications wegdfied to be in agreement with each other with
accuracy much better than present survey errors.

2.1 Sensor Displacements

We work out transformations (translati(inang rota’ﬂorﬁ) which bring the measured and reference panel into one
aligned system. As an example, the value®atnd() can found in the formalism of rigid body motion which we
adopt to our task, see Eg. (1) and (2):

nxN nxN
(Z mi;) R = (Z mij - drij )k 1)
J, J,
3 nxN nxN
S0 > m(0n(7)? = Fi)e (i) = Y maj (i x dig ) (2
k=1 ja i

Here we haveéV = 3 or 4 sensors per panel with= 8 fiducial points measured for each sensor on each production
panel. The relative “mass” of each point; is effectively the weight of each measurement and is set &ojoal

for all points. The relative displacements;; (between survey and reference sets) and global posifignsf
each point are used in the calculation. After the globalsfamation? and(}, we effectively overlay the survey
measurement on the reference system of the panel.

After the measured and reference panels are aligned, weréindformation of each sensor (translatiﬁnand
rotationﬁi). We apply the same formalism in Eq. (1) and (2) wifixed to a particular sensor instead of sum over
N sensors. We illustrate these results in Fig. 2 for two prédoganels, P3R-001 and P4R-001, respectively.
Appendix. A shows visualizations of all of the productiompts to date. The relative displacements and rotations
are magnified by 20. In Table 5 located in Appendix A , we previdimerical values of the sensor displacements
for three-sensor and four-sensor production panels, c&gply. In both displacement tables, we also add sensor
displacements for the mechanical panels whose resultsaded later. From Table 5 and Appendix. A, we note
that the P4R panels are more greatly misaligned than the BB&p

In Fig. 3, we compare the sensor displacements for protgtgpel A02 from January and May which confirms
good agreement between measurements done at differest time
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Figure 2. Comparison of the relative sensor positions with the nofrand measured alignment parameters for
one three-sensor panel and one four-sensor panel. Theeal@placements and rotations are magnified by 20.



To illustrate another measure of the displacement of theasenwe compare the distributions of fiducial point
displacements between the survey measurements and thenafeositions after the two sets of measurements
are aligned with the global transformation discussed abbkies is shown in Fig. 4. The typical displacements are
in agreement with numbers in Table 5 in Appendix A
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Figure 3: Comparison of the sensor displacements for panel AO2 framalg and May. Displacement measures
in left (in mm): R, (top), R, (middle), R, (bottom); right (in radian)x, (top), 2, (middle), and. (bottom)
Stars represent January data and circles represent MayS#atsor 0 is 2x3; sensor 1 is 2x4; sensor2 is 2x5.
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Figure 4: A distribution of displacement of individual points for tffiest 25 production panels in the y, and
z-directions with respect to the nominal geometry (given abl€ 5). They are labeled #sX, AY, andAZ,
respectively.

2.2 Errorin Optical Survey

By transforming each sensor by the values found in Table Hev®rm a cross-check to determine the error in the
actual measurements determined by the optical surveyeTesslts are shown in Fig. 5. The typical disagreement
is less thar0.5 um in x and y, and at the order a@fum in z. These numbers represent the typical errors in the
survey measurements or distortions of the sensor geontetryifleal flat shape. These numbers might be slightly
optimistic due to global position adjustment, but they betdcale on the errors.

Further analysis of measurement error was done via simualaAssuming a measurement errorlgim in the x
and y-directions and a measurement erros pim in the z-direction, we analyze how such errors would mahife
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Figure 5: A distribution of displacement of individual points in they, andz-directions after transformation by
displacement of measured sensor positions with respebetodminal geometry. They are labeledsX, AY,
andAZ, respectively.

themselves in the previous error analysis. The errors wepéemented by taking a random Gaussian distribution
about the nominal point with a in the z, y, andz-directions indicated above. The simulation was done f@r 10
panels; Fig. 6 is analogous to actual data in Fig. 5. We sear Fig. 6 that the error in the distribution is in
agreement with the assumed measurement error.

As a further analysis, we explore how errors in the measunewfandividual points would manifest themselves

in values of the transformation vectors. With the same 16fukited panels, we determine the translation and
rotation vectors associated with the assumed measuremenfa each sensor. These are plotted in Fig. 7. The
error from the distributions for the transformation vestare less than the measurement errors, they roughly scale
asl/y/ninz,y, andz for n fiducial points per sensor. Fét, andR,, the error is approximately.4 xm, and for

R, the error is approximately.9 pm. We understand these to be an error for the values in Talagsbiming the
measurement error afum in thex andy-directions and a measurement errob@fm in the z-direction.
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Figure 8:Model of the forward pixel half-disk.

3 Optical Survey of Forward Pixel Half Disk (one side only)

The next task is to perform the same sort of analysis on a ielfal the CMS Forward Pixel detector, see Fig. 8.
For the analysis, we use the data from initial half disk syswescribed in Ref. [6]. In this initial half disk survey,

3 three-sensor panels and 1 four-sensor panel are installgge half disk and visible fiducial points are surveyed;
mechanical panels A02, A01, XA01, and X0004 are the instgienels. We call this initial half disk survey the
prototype half disk. Study of the error in the half disk stways done using this prototype half disk. In addition,
we provide analysis of the two pilot run half disks, P1 andR&.these half disks, 2 four-sensor and 2 three-sensor
panels were install on each. The P1 half disk includes paf&-020, P4R-001, P3R-001, P3R-002. The P2
half disk includes panels: P4R-036, P4R-005, P3R-003, BG®R-Visualization of the positions of the panels is
provided below.

There are a few new noteworthy features for this analysisst,Rhe 8 fiducial points per plaquette used in the
panel surveys are not all visible in the half disk survey. sThiso presents a challenge in finding out exactly
which fiducials are being used since there are 20 fiducialtpgier fiducial chip. Second, because of the growing
complexity of the ideal geometry, the ideal geometry datebaithin CMSSW was utilized. There were a few
caveats between the optical survey measurements and tdegg@tmmetry in CMSSW such as differing units (cm
vs. mm) and the different local systems for sensors and paAsimentioned before, the local system for sensors
is given in [3]. The panel displacements are presented iICMESW local frame given in [5].

3.1 Panel Displacements Within One Side of a Half Disk

The analysis proceeded with the same rigid body motion fosmeadopted for the forward pixel panel analysis.
However, instead of finding sensor displacements withirptireel, we found panel displacements within the half
disk. The procedure was to generate a set of fiducial poir#schan the ideal geometry database corresponding
to the points surveyed. To correct for the sensor distostimneach panel installed on the half disk, we shift the
fiducial points on each relevant sensor by the appropriateiabtdetermined from panel analysis. Then, we placed
the measured half disk system onto our fiducial system aretrdeted the panel translations and rotations. As
mentioned before, the challenge of not having exactly 8 falymints per sensor complicated the analysis; the
rigid body formalism is not always summed over= 8 fiducial points in Eq. (1) and Eq. (2).

In Table 1, we provide the numerical values of the panel disgghents for the three mechanical panels installed
on the half disk for the prototype half disk. Since there waly one panel, X004, on the opposite side, we cannot
present any panel displacement on the half disk for the $eusor side. All numerical values are presented about
the center of mass of the panels. This means that for the-fieresor panel, rotations and translations will be
presented about the center of thex 4 sensor; and for the four-sensor panel, rotations and atost will be
presented about the point in between2he3 and2 x 4 sensors. This will be especially relevant for four-plageiet
panels since the center of mass of the panel is not locatedpiagaette. In Table 1, we also give the panel



displacements for the P1 and P2 pilot run half disks. In Figv@illustrate panel displacements on the half disk
for the prototype half disk. In Fig. 10, we illustrate panedplacements on the half disk for the P2 pilot run half
disk. The positions of the panels illustrated in Fig. 10 dse ¢he same locations for the P1 half disk.

Table 1: Displacements of the measured panel positions with respebe nominal geometry for inital half disk
survey.

half disk panel | R, (um) R, (pm) R, (pm) | Q, (mrad) €, (mrad) Q. (mrad)
prototype  XAOl 22.8 -58.0 54.5 -0.26 1.81 -1.56
prototype AO1L 123.8 -73.9 -185.9 7.99 3.14 1.00
prototype A02 -82.6 715 -7.1 4.98 2.06 5.03
P1 P4R-001] -44.2 12.2 8.8 2.25 1.29 -0.81
P1 P4R-020, 84.5 -38.2 9.5 1.18 -0.71 -1.09
P1 P3R-002] -12.1 -38.1 14.1 -0.16 0.51 0.36
P1 P3R-001] -1.7 18.8 -12.4 1.28 -0.50 -0.77
P2 P4R-036| -14.0 -43.7 -35.4 -6.18 0.43 -0.94
P2 P4R-005 44.5 64.3 5.4 -1.71 -1.09 0.45
P2 P3R-003] 15.3 -50.6 -66.7 5.47 1.31 0.06
P2 P3R-004| -12.5 20.2 -21.9 3.02 0.30 -0.06




Figure 9: lllustration of comparison between relative sensor posgiwith the nominal and measured alignment
parameters for the initial half disk survey. Both sensor gawk! displacements are displayed with a magnification
factor of 20 both for displacements within the panel and ta #isk(Top). For completeness, we illustrate a

corresponding four-plaquette half disk (Bottom).
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Figure 10:lllustration of comparison between relative sensor posgiwith the nominal and measured alignment
parameters for the P2 half disk survey. Both sensor and mhsiglacements are displayed with a magnification
factor of 50.
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3.2 Errorin Optical Survey of Half Disk

As was done in the panel survey, we transform each sensos Ipaiitel displacement and each panel by its half
disk displacement as a cross-check to determine the ertbeiactual measurements of the half disk survey. We
plot the displacement of each point from the fiducial systeté x, y, and z-directions in Fig. 11. There were 38
points surveyed on the half disk: 20 from panel A02, 8 fromgd&®1L, and 10 from XAQ1. There are two points
from panel A02 which do not lie within the expected geometrg aause\” to have two strange points. These
displacements are presented in the global ideal geomedtgraywith the interaction point as the origin.
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Figure 11:A distribution of displacement of individual points in thalhdisk survey in the X, y, and z-directions
with respect to the nominal points after transformationahps corresponding to both sensor and panel distortions.

To further analyze the error associated with the half diskesy we again run a toy Monte Carlo over 100 half
disks. The further complication to this procedure which different than error propagation in panel survey is that
the number of survey points per panel can vary due to either yisibility or poor measurement. For example,
panel A02 from the three-plaquette side of the half disk Hadigible fiducial points while panel AO1 had only 8.
The number of points is not the only factor in determining ¢ner of measurements. In addition, the positions
with which the points lay with respect to each other can affectithe error; for example, there is a difference
between 4 point laying on a line and 4 points in a box-shapdimdtely, there are many scenarios for which
fiducial points will be surveyed, all with different assdeid errors. Thus, by attaching all panels to a half disk and
seeing which fiducials are visible, a scenario can be gestefat each panel and toy MC can be used to determined
the error.

For illustrative purposes, we present two cases: 4 pointsemel all located on the same panel and 20 points on
a panel as in panel A02. As was the case for previous toy MGysisalwe add random Gaussian values to each
fiducial point and run our analysis. As was the case beforegasgeciate a measurement error gfsd in the z
andy-directions and a measurement error @fsb in the z-direction. Figure 12 and Figure 13 show a distribution
of measurement errors per point for the 4-point and 20-psieharios, respectively. Figure 14 and Figure 15

12



show how displacement of individual points are manifestlnteanslation and rotation vectoré’,gmdﬁ,jor each
panel. From these figures, we see that the more points usqahpel give better precision fak and2, as we

would expect.

Figure 12:Toy MC analysis of half disk survey for 4 points per panel. Atdbution of displacement of individual
points in ther, y, andz-directions with respect to the nominal geometry. They abelled af\ X, AY, andAZ,

respectively.

Figure 13:Toy MC analysis of half disk survey for 20 points per panel.igtiabution of displacement of individual
points in ther, y, andz-directions with respect to the nominal geometry. They abelled af\ X, AY, andAZ,

respectively.
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Figure 14: Toy MC analysis of half disk survey for 4 points per panel. Atdbution of translation and rotation
vectors in ther, y, andz-directions with respect to the nominal geometry.
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Figure 15: Toy MC analysis of half disk survey for 20 points per panel. igtibution of translation and rotation
vectors in ther, y, andz-directions with respect to the nominal geometry.
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4 Full Half Disk Survey Via Reference Targets

Our next goal is to create a full half disk from optical sureéywo sides of a half disk, a three-plaquette side and a
four-plaquette side. In doing so, we are able to create thdddtructure. This is important because we expect the
blade structure to be relatively stable in time once thegifmns have been established. Currently, there are two
different procedures to combine the two sides of a full hadkd The first procedure uses ruby survey balls; the
second procedure uses glass fiducials. Ruby survey balisrdpive seen from one side of the half disk while the
glass fiducials, located on the outside of the half disk sttgiucture, are visible from both sides of the half disk.
Thus, to combine the two sides of the half disk in the ruby syhall procedure, it is necessary to take one more
intermediate survey of all ruby balls without the panelgatied on the half disk. This is illustrated in Fig. 16. A
half disk has both types of reference balls, 5 ruby survelg laald 4 glass fiducials.

(ONNO)

OO O O

O dglassfiducials
O  survey balls O  survey balls

Figure 16:Visualization of full half disk survey

4.1 Ruby Survey Ball Method

The procedure to join two sides of a half disk uses rigid bauynlism. The goal is to create a “measured system”
of the full half disk consisting of only sensor fiducial pantn the survey ball method, we take the survey balls
from the survey of one side of the half disk (i.e. 3-plaq siaed overlay them on their corresponding survey balls
from the measurements which contains only survey ballsowitipanels installed. We then do the same for the
opposite side (i.e. 4-plaq side). In doing so, we also teansthe sensor fiducials by the same values as the survey
balls were overlayed. We illustrate this in Fig. 17. Afteeation of the measured full HD system, we overlay this

00

00

- o0 —
/ ©° \
/ O O

o
G
5 A 4-plaguette side
O 3-plaquette side plag
Q
up: Q-

Figure 17:Visualization of survey ball method

on top of the ideal system from CMSSW and find correspondiagldcements of the 3-plagq and 4-plaq sides.

4.2 Glass Fiducial Method

In order to create the measured full HD system in this cageettequires no intermediate overlaying of the glass
fiducials because they are visible from both sides of thedisk. Here we simply lay the glass fiducials from one
side (i.e. 4-plaq side) onto the corresponding glass fitkifiam the other side (i.e. 3-plaq side). We illustrate this
in Fig. 18. Then, as before, we overlay this measured systgmtbe ideal geometry and find displacements.
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Figure 18:Visualization of glass fiducial method

4.3 Support Frame Analysis

Preliminary analysis of the two methods uncovered a passiilstrepancy between the two methods. In an attempt
to determine the source of any discrepancy between the twlooge we perform analysis of the reference targets
themselves. In this study, 4 glass fiducials and 4 ruby subedlg were mounted onto a support frame and were
measured from both sides. The procedure is to start with ts@sarements from the “three-sensor side” (ruby
balls and glass fiducials) and overlay the corresponding balis from the “four-sensor side”. Then, we compare

the positions of the glass fiducials from both sides. In T@blee give the difference im, y, andz for each of the
8 reference points.

From this table, we see-a 100um shift in thez direction which may be attributed to parallax in the glasee T
glass has an index of refraction of approximatelyl.5, and the thickness of the glass fiducial8@® pm. From

geometrical optics, we calculate the parallax effect tévbe 1) /nx (thickness)~ 100 um, which is the value we
observe. We also see~a20um shift in thex direction which is not accounted for, but we suspect may leetdu

some calibration issues between the touch probe and thesapitich would cause an error in the ruby survey ball
measurements.

Table 2:Results from the analysis of the support frame survey. Bylayig the ruby balls on top of one another,
we look for differences in the positions of the glass fidugial

Table 3: Displacements of the measured half disk positions witheestp the nominal full half disk geometry as

reference targef AR, (um) AR, (um) AR, (um)
Ruby 1 1.01 1.27 -0.004
Ruby 2 3.01 2.22 0.006
Ruby 3 -8.01 -4.01 -0.009
Ruby 4 3.99 0.52 0.007
Glass 1 -23.15 0.24 107.00
Glass 2 -22.15 221 100.01
Glass 3 -18.21 0.96 109.99
Glass 4 -9.21 2.52 110.01

analyzed using the survey ball method. Translations aengivim and Rotations are given inrad.

halfdisk | AR, (um) AR, (pm) AR, (um) | AQ, (mrad) AQ, (mrad) AQ, (mrad)
P1 160.4 59.1 -13.3 14 -0.1 -1.3
P2 62.5 35 145.0 0.41 -2.4 0.33

Table 4: Displacements of the measured half disk positions withaesto the nominal full half disk geometry

as analyzed using the glass fiducial method. Considered tioebnal result. Translations are giveniim and
Rotations are given imrad.

half disk

ARy (pm) ARy, (um) AR, (pm) | AQ, (mrad) AQ, (mrad) AQ, (mrad)
P1 85.1 10.7 -192.5 .04 -2.2 -0.86
P2 72.2 37.9 29.7 0.28 -35 0.19
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4.4 Half Disk Displacements

Studies of both methods were conducted using the two pilohalf disks, P1 and P2. Here, we give results for
the two different methods of combing the full half disk. Treoodinate system for all results in the full half disk
analysis are those used in the CMSSW ideal geometiy &long the beam axis andandy are in the plane of
the half disks). At this time, the displacements are preskntith respect to the center of mass of the points. In
the future when using a more complete set of points, it mayensaise to report displacements with respect to
a central point such as the center of the half disk circle.uResre presented as the displacement of the four-
plaquette side with respect to the three-plaquette sideg syecifically, overlaying the three-plaquette side on the
ideal geometry and measuring the displacement of the flmguptte side. The results for the survey ball method
are given in Table 3. One issue that complicates these sasutthe error in the ruby ball measurements due to
overlay of the two systems. The error associated with thaproximately~ 20 um. In addition, some of the
measurements were taken at different times and it is a sposgibility that positions of ruby survey balls may
have shifted over time and after re-installation of parthlsre is also the issue of miscalibration between the touch
probe and optics.

The results for the glass fiducial method are given in TabldHese results account for the parallax, which is
approximately~ 100 pm; we expect these results to be relatively stable. From thatsegiven here, we still see

a discrepancy between the two methods, but not outside @frthes of the ruby survey ball method. Considering
the error in the ruby survey ball results, we consider theltefrom the glass fiducial method to be our final result.

4.5 Error in Half Disk Displacement

The source of error in the procedure to join two halves of AHalf disk comes from how well we are able to
match the survey balls on top of each other using the rigig/bodnalism. In Fig. 19, we show the displacement
between measured survey balls on the half panel with andutitthe panels attached. On each side of the full
half disk, there were only 3 stable survey balls; and thege the ones used to join the two sides. We see that the
order of the error in the survey balls is on the order of thgldisements of- 10 um; although, the: direction
seems to have less of an error which is expected since thelisklétructure would have less variance out of the
plane of the half disk. This error about an order of magnitieds than the displacements themselves and agree
with what is expected from the measurement of positions nfesuballs.
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Figure 19: The difference in position in the, y, andz-directions between survey balls on the half disk with and
without panels attached.

As a further analysis of error in the full half disk survey, use toy Monte Carlo to simulate how error in the ball
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positions would be manifest in displacements of one sidbhehtlf disk. In a siumlation of 150 full half disks, we
gave the survey balls a Gaussian distributed error gfzh0n the z, y, andz-directions. We then run our analysis
and determine the transformation of the half diskgy and€2,4. For this simulation, we only used four survey
balls, not all five, because this will be a more likely scemawWe understand;,; and€2;, to be the errors given a

10 um measurement error in the survey balls; they are given inrgigQ.
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Figure 20:A distribution of R4 and$;,4 for 150 simulated full half disks given a survey ball errordéfm for
four survey balls.
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Figure 21:Pilot Run (07) Forward Pixel half cylinder with two installéalf disks during CMM and photogram-
metry survey.

5 Further Steps in Forward Pixel Detector Survey Analysis

There several other steps necessary in the optical sunadysis First of all, we have to determine position of
highr-level structures, such as half-disks, within thepgarpstructures. Second, we should be able to account for
first-order correction in sensor position after the inst#édn, such as due to temperature change and mechanical
stress. These studies will be presented elsewhere, buttligediie main ideas below.

5.1 Half Disks Survey in the Service Cylinder

After the half disks are individually surveyed,they are migd in pairs into a service half cylinder. Positions of
these two half disks relative to each other and supportingtre are determined by two methods:

e First, using the CMM machine measuring survey balls on thedisks together with ones on the service
cylinder and a support structure;

e Second, using photogrammetry of the optical targets antevglairvey balls.

Both methods are inter-calibrated using a big coordinatesméng machine (CMM) and photogrammetry at Fer-
milab. The picture of the 07 Pilot Run Forward Pixel half ogér with two installed half disks during CMM
and photogrammetry survey is shown in Fig. 21. The servitiecghnder is mounted in the supporting frame
substituting the rail system to be used in the CMS detectioe measurements with the CMM touch probe allow
finding positions of the disks (including silicon sensoeditive to the precision balls on the supporting legs of the
service cylinder standing on the frame.

At the same time set of photographs are made of these setupaipirecise digital camera. Using these pictures,
positions of a set of optical targets on the half disks, hglinder and frame and the white survey balls on the
frame are reconstructed using V-STARS photogrammetryvso&. Combining with CMM measurements of the
survey balls two methods are connected and calibrated. eludts of the 6-parameter fit of positions of these balls
are presented in Fig. 22. Good agreement of order 10 micsamistained.

After detector is moved to CERN we plan to make final photogratny survey during full detector assembly.
Combination of these three measurements with data dedcabeve will allow full survey of the detector in
working position.
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Figure 22:Comparison of the CMM and photogrammetry measurement&diithvey ball position on a test stand.

5.2 Temperature Corrections for Survey Data

All the measurements described above are made at room tetupger Due to differences in CTE (a Coefficient
of Thermal Expansion) relative positions of the siliconsms mounted on the half disks at working temperature
(~ —20°C) are changing by order of 100 microns. Since there is noriat@lignment system to follow these vari-
ations inside the CMS detector we studied these effectg asmechanical model of the half disk with Beryllium
panels and real cooling channel. The positions of the silteogets on the panels were measured in temperature
range of+20°C to —20°C inside the cold box installed on the optical CMM. Final etarhanalysis is used to
describe these data and apply it to the final detector comwfiigur. The results are to be presented elsewhere.
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6 Application of the Optical Survey to Software Alignment

Modern silicon tracking detectors typically have a largenber of measuring sensors, and statistical methods
can be used to align individual sensors with respect to etlwr asing tracks in-situ. For CMS there more than
20,000 sensors which need to be aligned. For an applicatistatistical methods to the CMS pixel detector, see
for example Ref. [7]. These methods use the fact that the unedsand trajectory impact points of a track are
displaced if the sensor position is not known correctly, Biee 23. The required precision is a fgwn, while
installation precision is two or three orders of magnitudesg. This results in “residual” for each measurement
i, which is generally a vectas;. One can minimize thg? function which includes covariance matix of the
measurement uncertainties:

=Y gVl ®)

The goal of the alignment procedure is to obtain six pararadte each independent sensor, these being the three
spacial and three rotational paramet@d®s, ©2;). In the above method the? could be minimized for each sensor
separately and iterations could solve for correlationg,cmuld be minimized in one transformation which requires
powerful computational techniques to account for correttet among many sensors.

While the methods for CMS silicon detector alignment witltksare being developed, they do not envision using
information about relative sensor position prior to insti@&n, other than using them as the starting parameters in
minimization algorithms. There is a hierarchical struetur the sensor assembly. Thermal and humidity effects
and mechanical stresses make a detector move over times sgldtive position of higher-level structures may be
somewhat unstable. However, relative positions of sensitinén a panel or blade are expected to be stable.

We propose to include optical survey information in the €iMS detector alignment algorithm by extending the
conventionaly? with tracks in Eqg. (3) with an additional term, where for sywe sum over different structure
constraints (e.gi = panel, blade, half-disk, etc):

_ § T -1 . § : T 1
- €i,trackvi,track€%tra0k + 6i,survey‘/vz survey€l survey (4)

i,track i,survey

For example, for a half-disk CMS pixel structure we would éxétve following three terms ig?: sensor within a
panel, blade, half-disk, see Eq. (5).

Xurvey = € Vi 'ép + € Vi et + € Vid na (5)
Minimization of x? will allow us to obtain each sensor positiéR ;, 2;). We start with a simple approach by
writing down the fullx? term in Eq. (6).
3 3 _ 3 )2
ey = 3 | |30 P 1) Z By —0y)” (6)

i=1 j=1 Rz,] j=1 Q%J

Here,i is summed over the three levels of detector componentsi,daade, half-disk; ang is summed over the
z, y, andz directions. The quantitieB; ; and(?; ; are calculated from the rigid body formalism described @&bov

w(r)
V()
u(e)
/ residual
s
Z hit

Figure 23:Example of a silicon sensor with a charged track path diggldiom the actual measurement (“hit”).
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see Eq. (1) and (2). As an example, we minimize with respegaind Eq. (8) yields the displacement vector from
the x? minimization procedure.

2
"% —0 )

L DR (Ulzl]?) N
=z ) ®

Extension of they? for the joint use with the track residuals and the approerjaint solution will be discussed

elsewhere [8]. From the study of the optical survey measenmtsnwe propose to obtain a covariance matrix
Vurvey Of the measurement uncertainties in the relative positidhesensors within a panel or the higher-level
structures. The above proposed procedure can be natumngdigrated into the existing alignment technique in
Eqg. (3) in the form of Eq. (4), and it has been successfullydusehe past [9]. This procedure provides novel

features:

e converges to the survey position using only a limited nunabéracks in the beginning of experiment;
e constraints the relative position of sensors when only a poonection through tracks exists;

makes the procedure more robust when inevitable biases itnatbk reconstruction appear;

allows us to adjust the weight of the survey measurementeialignment algorithm;

allows the survey position to change if more precise infdromas available from tracks;

becomes the only constraint for “dead” read-out sensoesetbre preserving the geometry.
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Q, (rad)

4 5
iteration

Ry (mm)
Q, (rad)

4 5 4 5
iteration iteration

Q, (rad)

4 5 4 5
iteration iteration

Figure 24:Using sensor displacements from panel A02, a simulatiompféementation of optical survey constraint
in sensor alignment.
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6.1 Proof of Principle: Panel Alignment

We have performed a study of the optical survey constraitiiomit presence of tracks. We simulated sensor dis-
placements from panel A02 and allowed the algorithm to fimddbrrect positions. Convergence of the algorithm
to the right measured position is illustrated in Fig. 24.

6.2 Proof of Principle: Half Disk Alignment

As a more complex study, we simulate sensor displacememtasventire half disk, 84 sensors. We uygein

Eq. (5) with the solution in Eq. (8), again using rigid bodyrfalism in Eq. (1) and (2) to calculate residugland

Q;. In analogy with tracks, we calculate unbiased residuladd,is where the sensor in question does not affect the
global shift of the reference unit prior to calculating chsils. We start with the ideal geometry and add Gaussian
displacements of the typical order, 50um. Again, we see convergence to the correct position illtestran

Fig. 25.
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Figure 25:Starting with ideal geometry and adding misalignments eftyfpical order, a simulation of implemen-
tation of optical survey constraint in sensor alignment.
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7 Summary

Discovery of new particles on CMS will depend on the abiliydistinguish them from an enormous background
of random patrticles produced in the high-energy collisiddederstanding the alignment of thousands of silicon
sensors is necessary to a micron precision and becomesdisévedactor in success of the program. Imprecise
knowledge of the sensor positions would result in low tramtonstruction efficiency and low trigger efficiency,
not to mention bad track parameter resolution, which woplilghe b-tagging and vertexing capabilities. This
would make it impossible to measure the missing energy oétleets or to tag the-jets, which are believed to be
the key signatures of new physics.

Study of the first optical survey results of the CMS forwardeppanels indicated sensor displacements from the
nominal geometry of~100um. We presented analysis of the sensor position within th&@ward pixel panels.
The developed tools of 3D sensor position analysis allonsetbiextract error matrix of survey measurements,
which is about~0.5:m in the sensor plane and2;:m out of plane. Study of the initial half disk optical survey
found the panel displacements within the half disk toN#00:m. Further survey steps to align full FPD to the
CMS coordinate system are outlined. We proposed to integh&t results of the optical survey analysis into the
procedure of software alignment with tracks. The detajédmethod has been proposed and tested with the
examples of a panel or a half-disk. Some further details edfiobnd in Ref.[8, 10].
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A Displacements and Visualization of Panels
A.1 Panel Displacements

Table 5: Displacements of the measured sensor positions with regpgbe nominalpanel geometry for all
production panels and prototype panels (continues onteesulent pages).

| panel | sensor| R, (um) R, (um) R.(um) ]| Q, (mrad) Q, (mrad) Q. (mrad)]

P3L-002| 2 x 3 22.8 35.1 -1.7 -0.07 0.03 4.90
2x4 -11.3 28.6 3.7 -0.26 0.13 0.25
2x5 -11.4 -63.7 -2.1 0.10 -0.09 1.90
P3R-001| 2 x 3 -5.6 56.5 -7.1 -0.45 -0.40 0.38
2x4 8.7 -1.2 10.9 0.14 -0.50 -0.57
2x5 -3.1 -55.3 -3.8 2.13 0.45 -0.13
P3R-002| 2 x 3 -22.3 38.2 -5.9 -0.83 -0.05 0.36
2x4 36.1 -64.8 9.1 0.53 0.20 -0.01
2x5 -13.8 26.7 -3.2 1.84 -0.10 -1.34
P3R-003| 2 x 3 -23.2 -25.3 -14 0.10 -0.38 2.30
2x4 36.9 -15.7 15 0.03 -0.19 -0.90
2x5 -13.6 41.0 -0.15 0.55 0.26 -1.86
P3R-004| 2 x 3 -29.9 -39.3 6.1 1.19 -0.31 -0.47
2x4 36.0 48.0 -14.3 0.15 0.04 -0.77
2x5 -6.1 -8.6 8.2 -0.14 0.09 -2.43
P3R-005| 2 x 3 -34.3 -50.1 -5.4 -0.86 0.91 -1.00
2x4 42.2 26.7 8.4 -0.29 -0.33 -2.81
2x5 -7.9 23.4 -3.0 2.46 -0.13 -1.08
P3R-012| 2 x 3 -0.4 -87.0 0.22 -1.01 0.43 -1.32
2x4 9.7 31.9 -3.1 0.86 0.10 0.28
2x5 -9.2 55.1 29 1.64 -0.21 1.67
P3R-013| 2 x 3 -13.4 15 1.3 -0.15 0.35 -0.42
2x4 17.7 -24.5 -4.9 -0.15 0.14 -1.19
2x5 -4.3 23.0 3.6 1.57 -0.21 -0.18
P3R-015| 2 x 3 -183.0 27.0 -3.3 -0.71 -0.20 -1.51
2x4 326.4 0.8 6.6 -0.36 0.05 -4.28
2x5 -143.5 -27.7 -3.2 1.12 0.04 -1.52
P3R-017| 2 x 3 -10.3 11.6 0.5 0.35 0.24 -0.57
2x4 7.3 -8.0 -2.4 0.04 0.01 -1.94
2x5 3.0 -3.6 1.9 0.42 -0.10 -0.12
P3R-018| 2 x 3 18.9 -38.9 -5.0 -0.14 0.69 -1.19
2x4 -32.3 -5.7 8.4 -0.17 0.03 5.02
2x5 134 44.6 -3.4 1.19 -0.27 -2.17
P3R-021| 2 x 3 -37.1 -70.2 15 0.67 -0.53 -3.03
2x4 44.8 19.8 -6.9 0.47 -0.10 -2.34
2x5 -7.7 50.4 5.4 1.05 0.25 -0.75
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| panel | sensor| R, (um) R, (um) R.(um) | Q, (mrad) Q,(mrad) Q. (mrad)]

P3R-022| 2 x 3 -36.3 -29.1 -0.2 -0.05 0.29 -0.49
2x4 38.9 58.5 -1.3 0.10 -0.09 -2.54
2x5 -2.5 -29.5 15 0.95 -0.05 -2.52
P3R-024| 2 x 3 3.8 7.7 14 -0.08 0.00 1.01
2x4 -1.0 -51.3 -4.6 0.45 -0.01 2.16
2x5 -2.8 43.6 3.2 0.66 0.00 -1.16
P3R-028| 2 x 3 -27.9 -11.2 -1.0 1.20 -0.38 -1.99
2x4 29.4 5.6 -1.7 0.39 -0.32 -0.86
2x5 -15 5.7 2.7 0.44 0.33 -1.92
P3R-042| 2 x 3 -16.5 -65.8 -8.7 -0.24 0.49 3.91
2x4 29.1 -18.7 11.2 1.30 -0.27 -1.88
2x5 -12.6 84.5 -2.5 2.44 -0.02 -1.23
P3R-045| 2 x 3 -13.7 -99.8 -15.9 -0.014 -0.03 -0.68
2x4 48.8 184.2 31.5 -0.49 0.90 5.80
2x5 -35.1 -84.4 -15.6 0.64 -0.54 -0.85
P3R-047| 2 x 3 -31.3 36.2 11 -0.17 0.52 -1.42
2x4 40.7 -25.2 -4.1 0.01 0.15 -3.05
2x5 -9.4 -11.0 3.0 1.22 -0.28 -0.07
P3R-048| 2 x 3 6.7 -74.1 -5.3 0.28 0.27 -1.47
2x4 -11 31.2 7.3 0.18 -0.12 1.901
2x5 -5.6 42.8 -2.0 1.37 -0.02 1.08
P3R-065| 2 x 3 3.0 -27.5 -3.3 -0.39 1.38 -1.34
2x4 -35.7 26.9 3.2 0.47 -0.11 -1.56
2x5 32.7 0.5 0.2 1.89 -0.44 -2.21
P3R-073| 2 x 3 -36.7 0.9 12.4 -0.48 0.39 -11.8
2x4 21.9 -9.4 -26.5 -0.53 0.17 0.07
2x5 14.8 8.5 14.0 1.89 -0.25 -0.87
P3R-074| 2 x 3 -9.8 135 -1.3 -0.22 0.42 -0.30
2x4 10.3 -6.0 0.5 0.00 0.33 -0.34
2x5 -0.5 -7.5 0.8 1.37 -0.36 -0.87
P4L-001| 1x2 101.5 -26.1 -1.7 0.58 -3.29 0.10
2x3 -97.8 -31.1 0.3 0.27 0.89 4.64
2x4 -129.3 -45.3 22.8 -0.29 0.51 -0.09
1x5 125.7 102.6 -15.5 -2.16 0.17 0.14
P4L-003| 1 x 2 30.0 -74.2 -24.4 1.40 -0.12 2.14
2x3 -18.5 41.8 23.8 -0.48 0.88 2.18
2x4 -80.1 20.7 23.7 -0.31 0.11 2.03
1 x5 68.5 11.8 -23.1 -1.62 -0.31 -0.05
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| panel | sensor| R, (um) R, (um) R.(um) [ Q, (mrad) Q, (mrad) Q. (mrad)|

P4L-004| 1x2 60.9 -102.7 -34.6 -0.18 0.56 -0.11
2x3 -70.2 52.8 42.1 0.50 -4.91 4.82
2x4 -69.1 48.2 19.2 0.22 0.59 0.64
1 x5 78.4 1.8 -26.7 -1.63 1.04 0.61
P4L-005| 1 x 2 221 -43.3 -3.1 0.40 -0.95 -2.71
2x3 -9.4 -26.4 6.9 -0.61 0.15 2.44
2x4 -61.8 -47.3 -7.3 -0.25 -0.05 0.56
1 x5 49.13 1171 3.5 -1.21 0.20 0.51
P4L-006| 1 x 2 22.3 54.1 12.5 1.43 1.32 -6.91
2x3 -19.9 -96.7 -22.3 -1.45 0.18 2.42
2x4 -45.3 61.3 5.6 -0.07 -0.21 2.8
1 x5 42.8 -18.7 4.2 -0.77 -0.24 0.41
P4L-007| 1 x 2 30.0 -69.0 -18.7 -0.31 -0.76 0.60
2x3 -28.5 54 111 -0.40 0.47 231
2x4 -68.2 -13.9 32.6 -0.27 -0.18 1.39
1 x5 66.7 77.5 -24.9 -2.77 0.14 2.21
P4L-008| 1 x 2 -3.2 -74.8 -13.3 -0.09 -0.16 0.04
2x3 24.0 9.6 -5.6 -0.84 1.32 3.79
2x4 -69.4 4.5 50.9 -0.57 -3.29 1.35
1 x5 48.6 60.7 -32.0 -0.65 1.63 0.49
P4L-010| 1 x 2 7.8 -78.2 -16.4 0.13 -0.45 3.83
2x3 13.2 329 15.0 -0.67 0.50 3.94
2x4 -112.3 -74.5 16.2 -0.55 -0.03 4.67
1x5 91.3 119.7 -14.8 -1.55 -0.03 0.96
P4L-011| 1 x2 -13.4 -62.6 -10.6 -0.03 -0.21 -1.06
2x3 11.7 -1.04 8.6 0.27 0.08 1.96
2x4 -10.8 29.6 131 -0.63 -0.36 2.30
1x5 12.6 34.0 -11.0 -2.98 0.24 1.06
P4L-012| 1 x 2 76.9 -87.2 -9.9 0.93 -0.14 5.57
2x3 -79.5 -77.9 9.9 0.05 0.33 2.26
2x4 -93.3 8.0 7.2 -0.79 0.15 2.04
1 x5 95.9 157.1 -7.1 -3.61 -0.16 -1.41
P4L-014| 1 x 2 32.2 -63.6 -10.1 0.81 -0.79 0.56
2x3 -56.2 -22.5 7.1 0.17 0.56 4.62
2x4 -15.3 -8.6 145 -0.81 0.18 1.46
1 x5 39.3 94.7 -11.5 -2.61 -0.10 0.79
PAL-015| 1 x 2 29.4 -153.7 3.0 2.07 3.83 3.42
2x3 -51.9 -22.5 5.6 -0.75 4.16 3.31
2x4 -45.5 -20.4 -25.9 -0.93 3.18 2.47
1x5 68.0 196.6 17.3 -3.15 -4.13 4.16
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| panel | sensor| R, (um) R, (um) R.(um) | Q, (mrad) Q,(mrad) Q. (mrad)]

P4L-017| 1x2 15.7 -91.2 -49.5 7.65 -0.46 -1.00
2x3 53.5 2.2 45.0 241 -0.19 0.10
2x4 -149.6 -55.4 58.5 -2.34 -0.29 -0.39
1x5 80.4 144.5 -54.0 -6.68 0.35 -1.68
P4L-037 | 1 x 2 -11 -39.8 145 -0.30 2.22 0.76
2x3 13.3 -50.1 -13.7 -0.90 1.69 -1.29
2x4 8.2 -37.4 -21.1 -0.69 1.93 -2.64
1 x5 -20.4 127.4 20.3 -3.35 -2.22 -1.85
P4R-001| 1 x 2 115 132.1 -20.5 1.32 -0.67 -1.67
2x3 -31.0 17.3 21.6 0.25 -0.38 -0.57
2x4 91.2 -46.1 15.7 -1.19 0.01 -2.14
1x5 -71.7 -103.3 -16.8 -1.91 0.27 -5.94
P4R-004| 1 x 2 -33.0 -49.6 -11.2 1.92 0.59 -1.45
2x3 22.1 111 10.8 0.44 0.046 0.34
2x4 48.9 -38.4 125 -0.29 -0.12 0.60
1x5 -37.9 76.8 -12.1 -0.97 -0.08 0.75
P4R-005| 1 x 2 -84.2 73.6 -40.3 291 0.38 -0.93
2x3 103.7 120.1 32.4 1.36 0.08 3.66
2x4 27.7 -125.9 56.7 -1.13 0.32 0.95
1x5 -47.2 -67.7 -48.7 -5.06 -0.31 -0.74
P4R-011| 1x 2 -5.9 -49.0 -16.3 1.22 0.16 1.90
2x3 1.8 -20.7 12.8 0.36 -0.04 -0.57
2x4 14.79 9.0 24.0 -0.33 0.28 -0.17
1x5 -10.8 60.7 -20.4 -1.18 -0.20 -0.04
P4R-020| 1 x 2 -92.9 -23.9 -30.2 1.19 0.56 0.81
2x3 68.2 34.3 40.7 0.77 -1.74 7.16
2x4 108.9 6.7 8.2 -0.20 0.31 -0.17
1x5 -84.2 -17.0 -18.7 -1.86 0.22 0.98
P4R-022| 1 x 2 -40.4 -21.3 2.3 6.51 0.23 0.73
2x3 59.8 -29.9 -18.4 0.64 -0.32 6.13
2x4 -6.5 -2.2 35.2 0.46 -0.18 -2.18
1x5 -12.8 53.4 -19.1 -3.45 0.15 -1.18
P4R-024| 1 x 2 -65.1 -27.4 2.9 0.17 -0.39 -2.84
2x3 90.0 -48.7 0.3 -1.03 -0.11 -1.07
2x4 47.1 -28.5 -15.6 -0.61 1.20 -2.24
1x5 -71.9 104.7 12.4 -5.81 -0.61 -1.72
P4R-028| 1 x 2 53.5 18.4 -33.7 1.38 0.66 2.47
2x3 -104.3 -49.4 41.1 1.81 0.74 -0.08
2x4 451 -58.7 19.7 -0.46 0.07 -0.57
1x5 5.7 89.7 -27.1 -2.88 -0.42 1.49
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| panel | sensor| R, (um) R, (um) R.(um) | Q, (mrad) Q,(mrad) Q. (mrad)]

P4R-029| 1 x 2 13 -0.3 -24.2 3.00 -0.04 -2.43
2x3 -5.3 -66.5 24.4 0.52 -0.38 -1.43
2x4 36.1 -75.4 24.6 -0.11 0.05 -0.66
1x5 -32.0 142.2 -24.8 -2.03 0.10 -2.00
P4R-030| 1 x 2 -31.5 -25.0 -18.6 1.37 -0.12 4.43
2x3 33.0 -102.1 15.2 0.25 -0.15 0.23
2x4 -18.7 -29.5 23.8 -0.97 0.14 1.83
1 x5 17.2 156.6 -20.4 -2.49 -0.01 3.79
P4R-033| 1 x 2 -34.4 10.5 -10.0 -0.34 0.20 -1.44
2x3 447 -57.5 -0.0 -0.04 0.09 -0.86
2x4 11.6 -9.6 29.0 -0.47 0.11 0.45
1x5 -21.8 56.5 -19.1 -3.25 -0.14 0.58
P4R-036| 1 x 2 -41.8 53.1 -2.5 0.10 -0.15 -0.30
2x3 48.2 -23.1 2.6 -0.07 1.05 -0.07
2x4 56.5 -65.7 -0.9 -0.63 1.39 -2.28
1x5 -63.0 35.7 0.7 -3.84 -1.14 -1.95
P4R-038| 1 x 2 -66.7 -88.1 -2.3 -1.82 -0.39 -1.12
2x3 99.0 -25.7 0.6 0.55 0.15 0.40
2x4 115 -61.9 6.0 -0.05 0.036 -0.66
1x5 -43.8 175.8 -4.2 -1.67 0.02 -1.44
P4R-043| 1 x 2 -25.8 22.5 -14.1 1.25 0.96 1.40
2x3 24.8 -53.6 5.3 0.45 0.37 0.18
2x4 40.1 -70.5 33.3 -0.20 0.36 -0.46
1x5 -39.1 101.6 -24.5 -1.54 -0.56 -1.81
P4R-048| 1 x 2 -2.5 -57.0 -2.8 0.08 0.84 -1.34
2x3 9.2 -117.5 5.0 -0.41 0.70 -1.31
2x4 10.2 -44.4 -5.3 -0.69 1.05 -0.49
1x5 -16.9 218.9 3.1 -2.75 -1.05 -1.58
P4R-059| 1 x 2 1.8 -27.0 -4.8 2.13 1.05 -1.11
2x3 14.8 -44.6 -10.1 0.56 0.03 -1.59
2x4 -26.2 -28.8 37.9 0.08 -0.20 -1.02
1x5 9.6 100.3 -23.0 -2.13 -0.13 0.48
P4R-066| 1 x 2 -11.4 2.9 -20.4 131 0.39 0.71
2x3 20.7 -13.3 23.1 0.90 -0.22 2.12
2x4 -0.5 -37.8 13.7 -1.42 -0.05 -2.01
1x5 -8.8 48.1 -16.3 -0.49 0.01 -0.86

| panel | sensor| R, (um) R, (um) R. (um) | Q, (mrad) Q, (mrad) €. (mrad) |

X0004 | 1x2 -32.3 -49.0 -19.7 3.49 0.94 -1.50
2x3 22.4 11.3 21.2 0.47 0.36 0.26

2x4 46.6 -39.3 16.6 -0.76 0.12 0.59

1x5 -36.7 76.9 -18.1 -1.03 -0.40 0.71

AOIL | 2x3 -45.6 -91.4 -1.6 0.45 0.25 4.75
2x4 143.4 -89.4 -0.2 0.03 0.22 -3.40

2x5 -97.8 180.8 18 -2.37 -0.23 -7.12

A02 2x3 -10.5 49.1 -7.0 1.06 -0.12 0.87

2x4 27.6 -116.9 125 0.24 -0.61 0.95

2x5 -17.2 67.8 -5.4 -2.21 0.42 -2.03

XAO01 | 2x3 -10.5 17.0 0.4 0.96 -0.67 -1.99
2x4 28.3 -28.5 -1.0 -0.12 -0.35 0.35

2x5 -17.8 115 0.7 -1.00 0.46 -0.19
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A.2 Panel Visualization (first 25 production panels)

Figure 26: P3R-001 Figure 27: P3R-002

N

Figure 28: P3R-003

Figure 30: P3R-013 Figure 31: P3R-015
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Figure 50: P4L-001



B Database Information

Our current analysis is run by reading in text files of survataccompiled on the PPDserver at fermilab which have
been modified for our use. This includes surveys of panel§disks, and survey balls. Currently, there is data
for 30 production panels and 5 prototype panels. Opticaleguof the half disk and survey ball measurements
are still in the early stages, but we have been using preamlimeasruements. In addition, from our analysis, we
have created a database of sensor displacements on a pamaldisplacements on the half disk, and half disk
displacements on the full half disk. Thus, the informatiooni survey that will be put in the database is divided
into two types, “raw data” and “analysis data”.

B.1 Raw Data

For the raw panel survey data, we have been using data obtinigf:

[ Panel SN| Plaquette SN ROC | Fiducial | Zpes | Ymes | Zmes |

¢ Panel SN- Gives the serial number of the panel to link with half diskvay
e Plaquette SN- Gives the plaquette serial number to link to each panel

e ROC and Fiducial - A convention we develop to label each possible fiducial plmineach possible sensor.
ROC convention is given below. The Fiducial paramter rarfigea 1-20 and the number is given in [1].

12 [1]2]

2 x 3.

o|~N| ——

o|lu
o

=
al

N| w
IN

2 x 4:

9|18|7|6]|5
011234

1x5[0[1[2]3]4]

2 X 5

® T..es: Umess Zmes - 1hese are the positions of those fiducial points measurgdglaptical survey.

For the half disk survey data, we have been using data ofdhisdt:

| Reference Targe} Reference Target Weight x5 | yres | zres |

| Panel Name| Panel Position Panel Type| Sensor| ROC | Fiducial [ #mes | Ymes | Zmes |

e Survey Ball Name- This is the name of the survey ball (totalling 5) that wouipiee with the values from
the raw data for survey ball positions (below). This is usedetate the survey balls from each set of raw
data.

e Survey Ball Weight - This tells whether or not we use this ball in joining the twdes (some balls are
unstable and thus unreliable).

® T, Umesr Zmes - 1hese are the positions of those fiducial points measurgdglaptical survey.
e Panel Name- Same as above.

e Panel Position- Ranges from 1-12; this is the position of the panel on thédisk.

e Panel Type- Same as above.

e Sensor- Same as above.
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e ROC and Fiducial - Same as above.

® Tesh Umesr Zmes - Measured points in optical survey.

For the survey ball position data, we have been using dataofdrmat:

| Survey Ball Name| Tmes | Ymes | Zmes |

e Survey Ball Name The name given to the ball from survey.

® Loes) Umess Zmes - Same as above.

B.2 Analysis Data

The content and format of analysis data is given in tablesotight this note. For sensor analysis data, refer to
Table 5. For panel analysis data, refer to Table 1. For hakf dhalysis data, refer to Table 3.
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